Post-weaning protein malnutrition is often related to the development of cardiovascular and metabolic diseases in humans, as well to changed content of neurotransmitters in the central nervous system under experimental conditions. The rostral ventrolateral medulla (RVLM) is a bulbar region that contains sympathetic premotor neurons; the excitatory amino acid L-glutamate seems to be the main neurotransmitter at this level. The aim of the present study was to evaluate the possible change in the L-glutamate sensitivity of the RVLM neurons of malnourished animals. Male Fischer rats were divided into two groups: control (n = 15) and malnourished (n = 19). Four days before the experiments, guide cannulas were implanted bilaterally in direction of the RVLM for microinjection of L-glutamate. Twenty-four hours before the experiments, the femoral artery was cannulated for cardiovascular recordings. The results showed that the baseline heart rate increased in malnourished compared to control animals (412.18 ± 16.03 bpm vs. 370.74 ± 9.59 bpm, respectively). Malnourished animals presented a dissimilar concentration-dependent pressor response curve to L-glutamate and an attenuated barorefl ex gain. Our results suggest that post-weaning protein restriction aff ects glutamatergic neurotransmission of the barorefl ex at the RVLM level.
INTRODUCTION
Malnutrition denotes a nutritional state in which the diet does not provide adequate calories and protein for growth and organic maintenance (UNICEF, 2011) . According to the World Health Organization, malnutrition is the biggest contributor to child mortality; hunger, underweight births and intra-uterine growth restrictions cause 2.2 million child deaths a year. (World Health Organization, 2009 ). Besides causing mortality, malnutrition often leads to morbidity. Studies from the literature (Cohen, 2004; Sawaya et al., 2003) suggest that a period of malnutrition during early childhood is directly related to development of hypertension and metabolic imbalance in adult life. These observations are in accordance with the "nutritional programming" hypothesis for cardiovascular diseases (Barker, 2007; Benabe and MartinezMaldonado, 1993; Roseboom et al., 1999; Roseboom et al., 2000; Roseboom et al., 2000b) .
Previous studies from our lab have shown that afterweaning malnutrition affects neural mechanisms involved in cardiovascular homeostasis (Bezerra et al., 2011a; Bezerra et al., 2011b; Loss et al., 2007; Martins et al., 2011; Oliveira et al., 2004; Penitente et al., 2007; Tropia et al., 2001) . While the exact mechanism remains to be understood, there is evidence indicating that malnutrition can aff ect the release of neurotransmitters and receptor affi nity in several areas of the central nervous system (El et al., 1999; Gotoh et al., 1996; Seidler et al., 1990) The rostral ventrolateral medulla (RVLM) is a bulbar site among the neural pathways of cardiovascular refl exes (e.g., barorefl ex); it contains reticulo-spinal neurons that innervate the pre-ganglionic sympathetic neurons (Ross et al., 1984) . According to anatomical (Aicher et al., 1995; Ross et al., 1984) and experimental evidence (Lipski et al., 1996a; Lipski et al., 1996b; Sun et al., 1988a; Sun et al., 1988b; Sun et al., 1988c) , it is well accepted that neurons located in the RVLM are involved in the maintenance of arterial pressure within levels compatible with life, through modulation of sympathetic activity. The RVLM has been associated with pathophysiological mechanisms that cause cardiovascular diseases (Colombari et al., 2001; Dampney et al., 2003; Guyenet, 2000) .
Although there is evidence that malnutrition aff ects the cardiovascular system, there are few studies addressing the impact of malnutrition on the CNS areas involved in cardiovascular neural refl exes. Based on the assumption that the RVLM is a key region for sympathetic eff erent activity and that L-glutamate is the major excitatory neurotransmitter in this area (Machado et al., 1997) , the main objective of the present study was to evaluate the impact of malnutrition on the pressor response to microinjection of L-glutamate into the RVLM of freely moving malnourished rats.
METHODS

Animals
Male Fischer rats were used in this study. After birth, the off spring were randomly chosen and eight pups per dam were kept. The fi ve dams used in the present study received normal rat chow (15% protein content) and water ad libitum. The pups were weaned after 28 days and then the males were divided into two groups according to the diet received; the control group received a diet containing 15% protein, and the experimental malnourished group received a diet containing only 6% protein. Both groups received this diet for the next 35 days, after which the rats were weighted. During the following seven days, the rats underwent experimental protocols and continued receiving experimental rat chow (normal or low protein diet) according to the experimental group. The low protein diet was isocaloric with respect to the control diet. All the components of the diets were purchased from Rhoster (São Paulo, Brazil). During all experimental protocols, the rats remained in controlled laboratory conditions (12/12 h light/ darkness cycle, temperature: 23-25 °C). There were 15 control rats and 19 malnourished rats. All the experimental protocols followed the guidelines of the Brazilian Society for Laboratory Animal Science (SBCAL).
Stereotaxic surgery
Under tribromoethanol anesthesia through a stereotaxic apparatus (David-Kopf, Tujunga, CA, USA), the rats were submitted to stereotaxic surgery and guide cannulae were implanted in the direction of the RVLM bilaterally, according to stereotaxic coordinates adapted from (Paxinos and Watson, 2007) : 3.9 mm caudal to the Lambda; 8.0 mm below the skull surface and 1.8 mm lateral to the midline for the control rats, and 2.9 mm caudal to the Lambda; 7.0 mm below the skull surface and 1.7 mm lateral to the midline for the malnourished rats. The 15 mm-long guide cannulae were made from hypodermic needles (25 x 0.7 mm). The needles used for microinjections were made from 30 gauge needles (Unoject, Rio de Janeiro, RJ, Brazil) and were 2.0-2.5 mm longer than the guide cannulae. In order to perform microinjections in the RVLM, the microinjector needle was connected to a 1μL syringe (Hamilton, Reno, NV, USA) through a PE-10 catheter (Clay Adams, Parsippany, NJ, USA). Each microinjection had a volume of 50 nL.
Cannulation of the femoral artery
Five days after the stereotaxic surgery, the animals were submitted to a second anesthetic protocol to insert a polyethylene catheter into the abdominal aorta through the femoral artery. Under tribromoethanol anesthesia (2.5%, 1 mL/100g, i.p.), a polyethylene catheter (PE-10 connected to PE-50; Clay Adams, Parsippany, NJ, USA) fi lled with heparinized saline was inserted into the abdominal aorta, through the left femoral artery, for measurement of pulsatile arterial pressure (PAP). The free end of the catheter was tunneled subcutaneously and emerged through the back of the neck.
Cardiovascular measurements
The next day, the animals were placed in the experimental room between 7:00 and 8:00 AM to allow them to acclimatize to the experimental room. At the time of cardiovascular recordings (at 1:00 to 1:30 PM), the arterial catheter was connected to a pressure transducer (Model MLT0699; ADInstruments Pty Ltd., Castle Hill, NSW Australia). It is important to emphasize that during the cardiovascular recordings, all animals were fully recovered from surgery and anesthesia protocols. Data were obtained through an analog-to-digital data acquisition system (Model PowerLab 400; ADInstruments Pty Ltd., Castle Hill, NSW, Australia) and were sampled at 12 bits using a 200-Hz sampling rate. Heart rate (HR) and mean arterial pressure (MAP) were derived offline from PAP using the Chart for Windows software, version 4.1.2 (ADInstruments Pty Ltd., Castle Hill, NSW, Australia). The baseline of cardiovascular variables, MAP and HR were recorded during the 15 min before each experimental trial. All trials were performed on conscious and unrestrained rats.
Dose-response curve to L-glutamate microinjection into the RVLM
After stabilization of the cardiovascular parameters, solutions of L-glutamate (1 fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 100 nM) were microinjected in random order. Each animal received at most three microinjections of L-glutamate or aCSF (artifi cial cerebrospinal fl uid) in the RVLM in order to avoid extensive damage to the neural tissue. According to previous studies (Gotoh et al., 1996a; Patel et al., 2008) the physiological concentration at the RVLM of rats is 67 nM. Therefore, the physiological concentration is in the range of the concentrations of L-glutamate used in the present study.
Drugs and microinjections
L-Glutamate was dissolved in artifi cial cerebrospinal fl uid (aCSF) in order to obtain final solutions in the following concentrations: 1 fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1nM and 10 nM. The aCSF contained (in mM) 150 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, and 10 glucose (pH was adjusted to 7.4 with Trisma-base). All microinjections were made in a volume of 50 nL. All drugs and salts were purchased from Sigma-Aldrich Chemical (St. Louis, MI, USA).
Histology
At the end of the experiments, the rats were sacrifi ced with an overdose of sodium thiopental (Abbot Laboratories, USA) and perfused with saline followed by 10% formalin. The brains were removed, stored in formalin for at least 48 hours and sliced in 40 μm thick coronal sections in a cryostat (Leica). Sections were stained with neutral red stain for histological analysis and only the brains of rats with positive sites of microinjections in the RVLM were used. In the histological analysis we identifi ed the path of the microinjector needle in direction to the RVLM as well the center of the microinjections.
Data analysis
After histological confi rmation of the correct microinjection site, we analyzed the following cardiovascular parameters from each positive animal: a) baseline mean arterial pressure and heart rate before any microinjection, b) pressor response to microinjection of L-glutamate in the RVLM and c) ΔHR (bpm) / ΔMAP (mmHg) (fi rst derivative of the barorefl ex function) as a bradycardic index to estimate barorefl ex gain activated by the pressor response to L-glutamate microinjection in the RVLM of awake rats.
Statistical analysis
The data were represented as mean ± SEM and were analyzed by the paired Student t-test followed by Bonferroni post-test or one-way for repeated measures, followed by the Tukey post-test as needed. In all analyses, the signifi cance level was fi xed at 5%.
RESULTS
Impact of malnutrition on body weight
In the present study we observed that the post-weaning protein restriction reduced the body weight of the malnourished rats by 70% in comparison to the control group (78.05±3.6g vs. 256.3±7.72g, respectively) on the 35 th day of low protein feeding. This result has been observed in previous studies from our lab and has been recognized as a validation for our malnutrition protocol.
Eff ect of malnutrition on baseline heart rate and mean arterial pressure
For the analysis of the baseline mean arterial pressure and heart rate, we selected 15 minutes of cardiovascular recordings before any central manipulation. The mean basal HR levels in the malnourished group were significantly higher in comparison with those observed in the control group (412.18 ± 14.25 bpm vs. 370.74 ± 9.59 bpm, respectively). Regarding the mean arterial pressure, there was no diff erence in basal levels observed in the malnourished group compared to the control group (109.24 ± 4.74mmHg vs. 108.58 ± 2.87mmHg, respectively). 
Cardiovascular changes subsequent to L-glutamate microinjection into the RVLM of awake rats
Barorefl ex gain to L-glutamate microinjection into the RVLM
From each animal we selected a period of cardiovascular recordings including a baseline MAP and HR as well as the observed changes in MAP and HR subsequent to L-glutamate microinjection into the RVLM. These data were plotted and fi tted in the following sigmoid logistic equation:
Here HRmax stands for the upper plateau, HRmin represents the lower plateau, MAP50 is the MAP value at the midpoint of the HR range and p is the curvature. As a result, we obtained a barorefl ex sigmoid curve. These data are summarized in Figure 2 , which shows that malnourished animals present altered barorefl ex function in comparison to control rats. We also determined the continuous barorefl ex gain function by calculating the fi rst derivative of the barorefl ex curve in the range of the barorefl ex sigmoid function, applying the formula: Where y' represents the barorefl ex gain (in bpm/mmH), ΔHR the heart rate diff erence and ΔMAP the MAP diff erence. The highest barorefl ex gain occurred at the MAP of 109.8 mmHg for the control animals at the rate of -32.9 bpm/mmHg, whereas the peak barorefl ex gain occurred at 120.82 mmHg for the malnourished rats at the rate of -4.38 bpm/mmHg. The range of barorefl ex gain can be assessed by this analysis; for the control group it was between 105.9 and 113.8 mmHg, while for the malnourished group it ranged from 108.8 to 130.16 mmHg. The data concerning this analysis are summarized in Figure 3 .
DISCUSSION
The present study was undertaken to evaluate the sensitivity of the RVLM to L-glutamate of malnourished and control rats. We observed that rats submitted to malnutrition after weaning presented impaired sensitivity to L-glutamate microinjection in the RVLM. Moreover, the present study shows that the baroreflex gain is attenuated in rats submitted to protein restriction.
First, it is important to point out that our study was performed in awake and freely moving rats. This preparation is closer to the real physiological condition, since there is no infl uence of anesthetics on autonomic activity. It has been shown that the use of any anesthetic profoundly impacts the neural pathways of cardiovascular reflexes (Machado and Bonagamba, 1992) . Also, it is important to note that the low protein diet used here had no calorie restriction, since it was isocaloric to the control diet.
The RVLM contains neurons whose activity seems to be related to the patterns observed in sympathetic vasomotor nerves. Therefore, those neurons are sensitive to changes in the main arterial pressure and show a pulse modulated activity at high levels of arterial pressure (Brown and Guyenet, 1985; Lipski et al., 1995; Lipski et al., 1996b; Morrison et al., 1988) . The majority of these neurons project directly and/ or indirectly to the spinal cord, where they innervate the preganglionic sympathetic neurons Ross et al., 1984) . Under resting conditions, RVLM neurons are tonically inhibited by GABAergic aff erence from the caudal ventrolateral medulla -CVLM (Dampney, 1994; Schreihofer and Guyenet, 2002) . Guertzenstein and Silver, (1974) depicted the RVLM as an important medullary region for the control and maintenance of baseline mean arterial pressure. It is therefore accepted that the excitatory premotor neurons of the RVLM are critical to maintain the activity of preganglionic sympathetic neurons (Dampney et al., 2003b; Dampney and Horiuchi, 2003) . Most studies regarding the role of the RVLM in the maintenance of vasomotor sympathetic activity were conducted on anesthetized animals; stimulation of the RVLM increased the baseline mean arterial pressure (Bergamaschi et al., 1995; Campos and McAllen, 1999; McAllen, 1986) , while bilateral lesions of the RVLM region reduced the baseline mean arterial pressure to levels similar to those observed after spinal cord transection (Dampney, 1994; Feldberg and Guertzenstein, 1976; Guertzenstein and Silver, 1974) . On the other hand, a study (Cochrane and Nathan, 1989) observed that the cardiovascular responses to RVLM inhibition depended on the type of anesthetic protocol used, and the study of Bachelard et al. (1990) , showing that chemical stimulation of the RVLM in conscious rats elicited a pressor response, raised the importance of investigating the role of RVLM in maintaining blood pressure in awake animals. Araujo et al. (1999) confi rmed that the chemical stimulation of the RVLM with L-glutamate elicits a pressor response in awake rats. Therefore, the present study was conducted in awake and freely moving rats.
The first observation of the present study is that the microinjection of L-glutamate into the RVLM of malnourished rats provokes smaller pressor responses in comparison to those observed in control rats. In agreement with this observation, several studies in the literature report that malnutrition, irrespective of the model used, can cause changes in the neurotransmitter concentration in the CNS, in neurotransmitter/receptor affinity (Gotoh et al., 1996; Plagemann et al., 2000; Plagemann et al., 2006; Seidler et al., 1990; Zippel et al., 2003) and in the neuronal population and/or CNS nucleus morphology (Plagemann et al., 2000; Plagemann et al., 2006) . These alterations may be responsible for defi cits in memory and learning (Gray, 1989; Gray and Gray, 1989; Hall et al., 1983; Hall, 1983; Plagemann et al., 2000; Plagemann et al., 2006) , motor activity (Gallo, 1981; Plagemann et al., 2000; Plagemann et al., 2006) , affective behavior (Gallo, 1981; Hall et al., 1983; Hall, 1983) , endocrine (Benabe and Martinez-Maldonado, 1993; Plagemann and Harder, 2009; Sawaya et al., 2003) and cardiovascular systems (Loss et al., 2007; Penitente et al., 2007; Tropia et al., 2001 ) observed in malnourished animals. Therefore, these changes in neurotransmitter release and/or receptor affi nity may also be responsible for the impact of malnutrition on the cardiovascular system. Allied to this, rats submitted to protein malnutrition after weaning present increased pressor response to chemorefl ex activation (Penitente et al., 2007) , another important cardiovascular reflex. Loss et al. (2007) showed that the onset of the sympathoexcitation and parasympathoexcitation eff ects is changed in malnourished rats. These observations strengthen the hypothesis of an altered autonomic modulation in animals submitted to malnutrition. Figure 2 , the barorefl ex curve is attenuated and shifted upward in malnourished animals, denoting malfunctioning of this important cardiovascular reflex in malnourished rats. We also analyzed the dynamic range of barorefl ex gain and it was far greater in the malnourished than in the control rats. This is also refl ected by the maximum baroreflex gain; while it occurred at normal levels in the control animals, the peak gain occurred at larger values in the malnourished animals. Moreover, although the baseline heart rate was greater in the malnourished animals in comparison to the control rats, the activation of barorefl ex promoted by the pressor response to microinjection of L-glutamate into the RVLM and the subsequent sympathoinhibition directed to the heart (associated with parasimpathoexcitation) produced only minor heart rate changes in the malnourished animals. This suggests that rats submitted to malnutrition present increased eff erent sympathetic tonus. This is in accordance with previous study from our lab (Martins et al., 2011) which indicate that the low-frequency component of the heart rate variability is increased in malnourished rats. The increased sympathetic tonus was also suggested by Penitente et al (2007) , so this may be responsible for the reduction in the barorefl ex gain and range observed in these animals, and therefore for the increased baseline heart rate.
As depicted in
As limitations of the present study, we should consider that changes in the pressor response to L-glutamate microinjection into the RVLM could represent the impacts of malnutrition on the blood volume, cardiac output or structural changes of the peripheral vascular system. Moreover, the model of protein restriction used in the present study reflects a condition that very seldom is seen in humans (Sawaya et al., 2003) . Our experimental model was formulated for the study of post-weaning protein restriction. Therefore, the rats were submitted to protein restriction beginning 28 days after birth, which is when weaning normally occurs. This model refl ects a situation that occurs in many countries, where the newborn have adequate protein intake through breast feeding, but after weaning (which can be premature in some cases) the protein intake is greatly reduced because it is the most expensive diet component. There are few studies addressing post-weaning protein restriction, although the group of Dr. Sawaya has observed that teenagers from Brazilian slums are stunted and prone to develop metabolic and cardiovascular diseases (da Luz Santos et al., 2010; Franco et al., 2008) Moreover, this model seems to be a validated model to study the eff ects of protein restriction in a critical period of development on the occurrence of cardiovascular and metabolic diseases in adult life (Sawaya et al., 2003c) . The changes in the pressor response to L-glutamate microinjection in the RVLM and in the barorefl ex gain could be caused by changes in the neurotransmission and by changes in the neuronal morphology as well. In this regard, several studies have shown that malnutrition leads to changes in neurotransmitter systems (Benabe and Martinez-Maldonado, 1993; Seidler et al., 1990; Zippel et al., 2003) . Moreover, Plagemann et al. (2000 Plagemann et al. ( , 2006 showed that malnutrition causes malformations in the CNS nuclei involved in cardiovascular regulation. On the other hand, with our results we cannot assure whether this is the case in our experimental model of malnutrition. Further studies are needed to clarify this possibility. Also, there may be diff erences related to these two experimental models. Studies suggest that malnutrition during discrete periods of life (e.g., gestation, lactation, during weaning and after weaning) can produce diff erent levels of homeostasis imbalance; nevertheless, there is a consensus that protein deprivation in any period of life can lead to cardiovascular and metabolic imbalances (Barker, 2007; Cohen, 2004; El et al., 1999; Gallo, 1981; Oliveira et al., 2004; Roseboom et al., 1999) . Unfortunately, there are few studies addressing post-weaning protein malnutrition and most of them are from our group. Another limitation may be related to the spread of L-glutamate to adjacent regions, aff ecting the cardiovascular responses to L-glutamate microinjection into the RVLM. For instance, the L-glutamate microinjected into the RVLM may diffuse and reach the CVLM, which contains GABAergic neurons that exert a tonic inhibition on the sympathetic premotor neurons of the RVLM (Dampney, 1994) . Although CVLM is often regarded as a discrete region residing 1.0 -1.5 mm caudal to the RVLM in the rat, barosensitive GABAergic neurons form a diff use column of cells interspersed among other ventrolateral medullary neurons, including RVLM barosensitive neurons (Schreihofer and Guyenet, 2002) . This region was fi rst identifi ed by Guertzeinstein (1973) in anesthetized cats by showing that the application of excitatory drugs in the CVLM region produces a marked decrease in the mean arterial pressure. Therefore, if L-glutamate has diff used from the RVLM to the CVLM, the cardiovascular responses may be a result of a summation of excitatory and inhibitory drives to sympathetic premotor neurons. If this is the case, it is more likely to occur in malnourished animals due to their smaller size.
The main finding of the present study is the lack of sympathetic modulation in malnourished rats. This is indicated by the highly linear blood pressure increase in response to L-glutamate microinjection into the RVLM. However, in previous studies our group showed that an autonomic imbalance does occur in post-weaning protein-deprived rats (Martins et al., 2011; Bezerra et al., 2011a; Bezerra et al., 2011b) . This lack of modulation of sympathetic activity by the RVLM may explain, in part, the autonomic imbalance observed in previous studies of our group. This autonomic imbalance in turn may contribute to the changes observed in the cardiovascular responses to activation of the barorefl ex (Loss et al., 2007) , chemorefl ex (Penitente et al., 2007) and von Bezold-Jarisch refl ex (Bezerra et al., 2011a (Bezerra et al., , 2011b . It is well established in the literature that autonomic imbalance and cardiovascular neural refl ex impairment lead to hypertension and cardiovascular diseases. Whether or not such morbidities occur in our model is a matter for future long-term studies.
In conclusion, the present study suggests that malnutrition indeed aff ects the central mechanisms involved in cardiovascular regulation, especially regarding the glutamatergic pathways of the RVLM -the principal CNS area responsible for the modulation of sympathetic activity directed to the cardiovascular system. Further studies are needed to evaluate interaction with other neurotransmitters/ neuromodulators (e.g., GABA, NO, angiotensins) at this level. The complete understanding of the central mechanisms involved in the autonomic imbalance found in malnourished individuals could lead to the development of therapeutic strategies and governmental policies to improve public health.
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